Device physics in organic thin-film transistors (OTFTs) have been extensively studied along with the efforts to improve device performance and to develop their applications. Among many promising organic semiconducting materials, pentacene has been a benchmark in this research field. Understanding the bottlenecks of carrier transport in pentacene OTFTs is therefore important to maximize the performance of OTFTs. In this paper, we summarize our knowledge on the bottlenecks against carrier transport in practical polycrystalline organic thin films: extrinsic factors that disturb the carrier transport in OTFTs, intrinsic structure and properties, equations to express the overall carrier mobility in polycrystalline films, and influence of surface chemical modification on the crystallographic and electronic structures.
Introduction
Pentacene is one of the most extensively studied semiconducting materials for organic thin-film transistors (OTFTs) and has been still a benchmark material in this research field. Although precise studies on the structure and electronic properties of pentacene single crystals give us exact knowledge about this material, there exists a large gap between the fundamental physics of single crystal and device characteristics brought by practical polycrystalline films. Understanding the bottlenecks of carrier transport in pentacene OTFT is therefore important to maximize the performance of OTFTs utilizing not only this benchmark material but also any semiconducting small molecules. In this paper, the reality of the carrier transport band in practical polycrystalline organic thin films is explained by making pentacene into a representative case, mainly based on our efforts of ten-years [1] [2] [3] [4] [5] [6] [7] . The major topics included are as follows: grain morphology and crystal structure of pentacene thin films, extrinsic factors that are more-or-less introduced and disturb the carrier transport in OTFTs, intrinsic structure and properties of pentacene polycrystalline thin films, equations to express the overall carrier mobility in polycrystalline films, and influence of surface chemical modification on the crystallographic and electronic structures.
Overview of the morphological features of pentacene thin films
Pentacene exhibits a relatively high mobility of >1 cm 2 /Vs even for vacuum evaporated thin films [8] [9] [10] [11] . Active layers of OTFTs are generally used in polycrystalline state and transistor characteristics are strongly influenced by the film morphology. Therefore, knowledge of the correlation between film morphology and electronic properties is important to improve device performance.
Morphology of pentacene crystalline grains is categorized into five groups [1] : "lamellar grains" of which height tends to be higher than surrounding other grains, "pyramidal grains" which are the most popular shapes having relatively symmetric shapes, "inclined grains" which are more asymmetric than the pyramidal grains, and "dendritic grains" which have a branching structure as frequently seen in diffusion limited growth. Grains with irregular shape more than 5 μm in size are named as "giant grains". Figure 1 summarizes a phase diagram of the grain morphology against growth temperature and rate. Two overlapped markers indicate that the film is composed of two types of grains, a larger marker denotes a major component and a smaller a minor. The lamellar structure appears frequently when the growth temperature is less than 10°C. The dendritic region is isolated in the diagram, which would be related to the limited condition for supersaturation of migrating molecules [12] .
Vacuum evaporated pentacene films are known to be composed of two crystalline phases, namely the "thin-film phase" and "bulk phase", and the ratio of the two phases varies depending on growth conditions [13] . The films consisting of thin-film phase generally exhibit higher mobility than those with a mixture of the two phases [14] . According to X-ray diffraction (XRD) measurements, all films analyzed in this work are highly ordered showing sharp diffraction peaks. On any growth conditions, a diffraction peak indicating 1.54 nm interplanar spacing is the strongest, which indicates that the major component of these films is the thin-film phase. Since only the films in which lamellar-like grains exhibit a diffraction peak of which interplanar spacing is 0.46 nm, the lamellar grains are concluded to be composed of "flat-lying molecules" [15, 16] . A peak corresponding to the bulk phase with a 1.45 nm interplanar spacing is observed above 35°C and gradually increased with increasing growth temperature. The bulk phase is, however, a minor component even near the growth limit. The intensity ratio between thin film and bulk phases are almost independent of the growth rate. The absence of the bulk phase is mainly because the thicknesses of the films are relatively thin, <50 nm.
Extrinsic limiting factors of carrier mobility in pentacene thin-film transistors
In many cases, top-contact thin-film transistors (TC-TFTs) tend to exhibit higher apparent mobility than bottom-contact thin-film transistors (BC-TFTs). The contact resistance at source/drain electrodes in the top-contact configuration is, in general, smaller or almost negligible for relatively large channel-length OTFTs. However, even the top contact configuration is sometimes accompanied with extrinsic degradation of the apparent mobility depending on the fabrication processes. The apparent field-effect mobilities calculated from the characteristics of TC-TFTs are, in many cases, smaller than the true field-effect mobilities [2] . Therefore, we have to be careful in analyzing the dependence of the apparent mobility on deposition conditions. Especially, the films having higher intrinsic mobilities suffer the electrode-originated degradation more.
Figures 2(a) and 2(b) show atomic-force-microscope potentiometry (AFMP) [3, 4, [17] [18] [19] images taken on a pentacene TC-TFT grown at relatively high temperature, 50°C. The applied drain and gate voltages correspond to the linear regime of the OTFT. The topographic and high-pass-filtered potential images indicate where the degradation has concentrated. In the potential image, potential drops are seen on certain parts of the grain boundaries encircled by dashed ovals. It seems difficult for carriers to flow straight without crossing these potential drops. A histogram of the position of large potential drops was obtained from many similar images, shown in Fig. 2(c) . The influence of the electrodes on the formation of potential drops is obvious from this distribution. Thus, the top contact causes serious electrical damage to the films grown at high temperatures, i.e. those with large grain sizes, because highly resistive grain boundaries are densely formed near the electrodes. This damage possibly reduces the apparent field-effect mobility to only 10-30% of the intrinsic one [2] .
Such degradation is also seen when the growth temperature is relatively low. Figure 3 shows a potential profile through the channel region taken on a pentacene TC-TFT grown at a relatively low temperature, 15°C. Steeper potential slopes near the source and drain edges are clearly observed. The width of the steeper slope is around 400 nm equally on each side, which means that it is too wide and symmetric to be caused by an injection barrier. The width corresponded well to the area with a trace amount of Au incident on it, of which the amount is too small to be detected by AFM topographic images. The Au is supposed to be scattered by the edge of the shadow mask or residual gas during the vacuum evaporation. This steeper potential slope is therefore due to the electrical damage in pentacene induced by the trace amount of Au [18] . In this case, the apparent mobility was estimated to be about 75% of the intrinsic one.
Depth of the Au-induced electrical damage to the pentacene films deposited at higher temperature was investigated by changing the pentacene thickness. Figure 4 shows pentacene-thickness dependence of the local field-effect mobilities in the damaged and no-damage areas calculated from potential profiles under FET operation [2] . An Au depth profile measured by secondary ion mass spectrometry (SIMS) is also shown. According to the depth profile, Au penetrated approximately 100 nm into the pentacene layer. Such deep penetration would be mediated by the Au diffusion through grain boundaries, which has been confirmed by transmission electron microscopy for other organic polycrystalline films [20] . Since the output current flows at the pentacene/insulator interface, once the pentacene layer becomes thicker than the damaged layer, the local field-effect mobility is expected to increase. However, the low local mobility in the damaged area does not recover even when the pentacene thickness becomes much thicker than 100 nm. This result implies that the distribution of the electrical damage is deeper than that of the Au atoms themselves. One possible mechanism of the damage formation down to the bottom of the thick organic film is the transformation of the crystal structure. According to XRD analyses, the lattice plane distance decreased from 1.46 to 1.45 nm by Au deposition [2] , which suggests that all of the pentacene molecules in the film have collectively inclined, i.e. became closer to the bulk phase. This transformation changes the molecular packing at the grain boundary from top to bottom of the film, and, as a result, makes the grain boundary more resistive due to the concentration of stress.
Another interesting fact seen in Figs. 2 and 3 is that no significant injection barrier is likely to exist at the source electrode/pentacene interface although a 0.85 eV barrier at the pentacene/Au interface is confirmed with electron spectroscopy [21] . The absence of the injection barrier may arise due to the carrier injection mechanism into the organic semiconductor with a large density of gap states mostly at grain boundaries, which is an advantage of the top-contact configuration. Figure 5 shows the influence of Au deposition on pentacene on the density-of-state (DOS) near the highest occupied molecular orbital (HOMO). These spectra were measured after the removal of the deposited Au layers from the pentacene films [22, 23] . By the Au deposition, the peak position of the pentacene HOMO shifts to the high binding energy side by ~0.5 eV. Moreover, another feature appears at approximately 1 eV above the HOMO level, demonstrating that the gap states appeared upon the Au deposition. The energy shift of the HOMO level can be elucidated by the Fermi-level pinning by the increased gap states [24, 25] . The density of the gap states in the pentacene with low-energy Au deposited in Ar is much greater than that with Au deposited in vacuum. This fact indicates that the gap state is not due to the heat damage of pentacene but due to the incorporation of Au atoms in the pentacene film.
The spatial distribution of the large ohmic current flowing vertically through Au deposited pentacene films was studied with AFM current imaging [22] . The ohmic current spots were concluded to be located at the grain boundaries by comparing topographic and current images. When the probe was biased positively, the forward thermionic current appears at several different points. The thermionic spots are located even in the grains. Accordingly, the two current components do not uniformly flow but are concentrated at different spots in the polycrystalline pentacene film. These images are instructive for study on metal/organic interfaces because they indicate that such singular spots possibly dominate the current conduction. On the other hand, many spectroscopic techniques measure averaged information over the entire film. This difference frequently causes the quantitative disagreement between the electrical and spectroscopic results [23] .
In contrast to the small contact resistance of TC-TFTs, there frequently appears large contact resistance, or a carrier injection barrier, when the bottom-contact configuration is used. Figure 6 (a) shows an example of the potential profile obtained on an inferior performance BC-TFT with a pentacene active layer. One can see abrupt potential slopes at both sides of the channel region of which width is approximately 1 μm. These are due to small crystal grains of which nucleation and growth is strongly influenced by the edge structure of the source/drain electrodes. In this case, approximately 2/3 of the applied V DS is consumed at the narrow low mobility area near the source/drain electrodes. We have to note that this resistive area does not behave as a fixed resistance but as a very low mobility semiconductor. Since 10% of the channel length is filled with such a very low mobility semiconducting film, the apparent mobility becomes approximately 1/3 of the intrinsic one. This possibly appears as the V G dependent "contact resistance" when transfer line method is used for BC-TFTs [26] .
When there exists a large injection barrier at the electrode/organic interface, a large abrupt potential drop appears only on the source side as shown in Fig. 6(b) . In this case, only 1/7 of the applied V DS is used for the drift motion of the carriers in the channel region and the rest is consumed to inject the carriers from the source electrode. Furthermore, the effective gate electric field becomes much smaller than expected because the average channel potential is much closer to the negatively biased drain electrode, which results in poor accumulation of carriers and extremely low apparent field-effect mobility, 1/10 to 1/100 of the intrinsic value. The problems originated in the source/drain electrodes discussed above are practically the major issue when the reproducibility of the device characteristics is poor and the insufficient characteristics are suspected to depend on the detail of the fabrication methods. In turn, one of the next major issues is the grain boundary of the organic layers. Dependence of the intrinsic field-effect mobility, which means that it does not contain the influence of the contact resistance, on the growth condition is summarized in Fig. 7 . There is a general tendency that the carrier mobility becomes higher when the film is deposited at higher temperature and lower deposition rate, i.e. when the average grain size is larger. Here, we classify the films into A, B and C groups. From the standpoint of film morphology, group A is characterized by the frequent existence of the lamellar grains, where molecules lie flat against the substrate, and group B mainly contains the pyramidal or the dendritic grains. Group C is composed of the giant grains with many defective structures, such as cracks between grains and depressions in the grains. Not only the cracks in the film but also the lamellar grains are confirmed to behave as insulators by AFMP analyses [2] . Molecules lie flat in lamellar grains, while they are nearly perpendicular to the substrate in other types of grains. From this difference, the overlap of π-orbitals between the lamellar and other grains is much smaller than that between the grains with similar molecular orientations. Furthermore, standing orientation of rod-like -conjugated molecules is generally suitable for OTFTs because it tends to mediate two-dimensional carrier transport via large transfer integrals between the nearest neighbors within the substrate plane. The apparent field-effect mobility is therefore strongly affected by the insertion of these insulating structures into the organic layers especially in group A. Figure 8 shows the intrinsic carrier mobility values plotted against the average diameter of pentacene grains. The mobility is similarly proportional to the grain size as several have reported [8, 15, 27] , except in a sample with extremely large grains, 8 μm in average, grown near the growth limit conditions and containing a large amount of cracks. This implies that the mobility is dominantly limited by the grain boundaries.
Intrinsic limiting factors of carrier mobility in pentacene thin-film transistors
Similar results have been obtained in the field-effect measurement of oligothiophene by Horowitz and Hajlaoui [27, 28] . They tried to analyze the property by a conventional "polycrystalline model" where carriers pass over back-to-back Schottky barriers, which are generated by traps at grain boundaries, via thermionic emission. Although the proportionality to the grain size was well explained by the polycrystalline model, the analysis was not so satisfactory because the calculated mean thermal velocity of carriers was too small as a thermal velocity. In the case of pentacene, the mean free path is almost equal to the molecular distance, and a typical Debye length of lightly doped pentacene films, e.g. those exposed to the air, is several tens of nanometers. Accordingly, application of the diffusion theory is more appropriate for the analysis of pentacene polycrystalline films. The band diagram used in the polycrystalline model with the diffusion theory is shown in Fig. 9 . In this model, the externally applied drain-source voltage, V DS , is divided by the number of grain boundaries, and thus V b =V DS /(L/l), where L is the channel length and l the grain size, is applied to a single grain boundary. At a very low V b condition, the apparent mobility for the boundary limited condition, μ BL , is given by
where q is the elementary charge, μ di the mobility in the domain, N A the acceptor density, ε S the dielectric constant, b  the barrier height at the grain boundary, k B the Boltzmann constant, and T the absolute temperature. Here, we used a term crystalline "domain" instead of grain. In some organic thin films, the morphological crystal grain, which is frequently determined by electron microscopy or AFM as a granular cluster, does not necessarily correspond to a single crystalline domain that is surrounded by large potential barriers against carrier transport. In the case of pentacene, the average domain size is known to be approximately half of the morphological grain size [3] . Eq. (1) is valid to express the apparent field effect mobility of an OTFT when the true drift mobility in the domain interior μ di is relatively high and the grain boundary is resistive enough, where most of the applied drain-source voltage is distributed to the depletion region near the grain boundaries, as depicted in Fig.  9 . From Eq. (1), one may notice that we should increase l and N A , and decrease b  to increase the apparent mobility. The influence of N A is due to the reduction of the depletion region width near the grain boundary, and it could be a considerable cause of the increase of apparent mobility by oxygen or other dopant species in relatively high mobility materials [29, 30] .
According to the modified polycrystalline model and the domain size dependence of the mobility, the barrier height was independent of domain size and the average height estimated was approximately 150 mV. Similarly, μ DI was also independent of domain size and the average value was approximately 1.0 cm 2 /Vs. Let us compare this value with those in other reports. Field-effect mobility of 15-40 cm 2 /Vs is reported for carefully fabricated pentacene single crystal FETs with organic gate insulators [31] . Over 10 cm 2 /Vs mobility is also expected from the hole effective masses estimated from band calculation for single crystals [32] and angle-resolved ultraviolet photoemission spectroscopy against single-crystal-like monolayers on atomically flat substrates [33, 34] . These values are over ten times as large as that obtained in this work. This disagreement suggests the existence of another limiting factor of carrier transport in addition to the barriers at domain boundaries.
During AFMP observations of working OTFTs, we found that the crystal domains of pentacene commonly contain small potential fluctuations in addition to large potential drops at the domain boundaries. By careful experiments to eliminate the influence of topographic features from potential images, we concluded that the edge of the carrier-transporting band in a crystal domain, which was formerly thought as a single crystal, is not flat but randomly fluctuates with a few ten-nanometer periods [4] . We therefore converted the potential profile V(x) taken by AFMP into band-edge profile by the following equation:
. (2) where μ is the mobility, N v the 2D effective density of states in the HOMO band, and ε f the Fermi level. Figure 10 shows the extracted band fluctuation in the domain. Here, the maximum amplitude within the domain must be much smaller than the barrier height of more than 100 meV at the domain boundaries. The maximum amplitude of 30 meV and the FWHM of 12 meV obtained in this study are consistent with this requirement. [36] . The conductance in a domain is proportional to the power of the space-filling factor in this case. According to the terahertz (THz)-wave absorption spectra by the accumulated holes [5] , it is highly probable that the multiple-trapping and release mechanism dominantly determines the typical carrier transport phenomena in OTFTs. Either of these mechanisms results in the reduction of the mean carrier velocity in a domain. It thus appears as if μ DI is much smaller than, approximately 1/10 at room temperature, that of perfect single crystals. The potential fluctuation, of which root-mean-square amplitude is around 10 meV, is relatively small and may not be clearly noticed by most of spectroscopic analyses at room temperature. However, it strongly influences the carrier motion even in a short distance range. Figure 11 shows THz absorption spectra by gate-field-induced electrons in a single-crystal silicon (horizontally hatched area) and gate-field-induced holes in an OTFT-grade pentacene thin film (vertically hatched area) [5] . Although the spectral shape of the electron in silicon is well explained by the Drude model, which classically describes the dynamics of free electrons in solids, that of the holes in pentacene cannot. The absorption increases by increasing frequency from 0.5 to 2.0 THz, while a Drude-like tail appears at the low frequency end. The Drude component appears only after sufficiently high on-state gate voltage is applied.
An integrated model to express the apparent carrier mobility in practical thin-film transistors
Here, we summarize a model to account for the apparent and 'intrinsic' carrier mobility in practical OTFTs where polycrystalline films are used as active layers. Here, the word 'intrinsic' does not mean that the semiconductor layer is a perfect single crystal but that the overall carrier mobility is not influenced by many extrinsic limiting factors that are explained in Section 3. Although this model is derived from the experimental results on pentacene thin films grown on SiO 2 substrate, it could be universally used for most of high-mobility organic polycrystalline thin films.
When the resistance of the domain boundary is high enough to consume almost all of the applied drain-source voltage, the boundary-limited mobility is well explained by the modified polycrystalline model with diffusion theory and is expressed by Eq.
(1). Then, μ DI is not the one obtained in the single crystal and notably reduced by the potential fluctuation in the domain. Potential distribution of the fluctuated band edge can also be regarded as an exponential distribution of the tail state of which decay energy is around 10 meV [4] . The influence of such a tail state on carrier transport is well studied for inorganic amorphous semiconductors, e.g. a-Si or a-Ge, where the gap-state distribution is frequently referred as an "Urbach tail". Various models have been proposed to precisely explain the carrier transport in amorphous semiconductors. Fig. 11 . Terahertz(THz)-wave modulation absorption spectra of a pentacene OTFT measured by time-domain spectroscopy. The red line indicates the absorption by the accumulated carriers in an OTFT and the blue line that of a control sample which is only sensitive to the carriers in the Si substrate. Dashed line is a theoretical curve obtained using the Drude model. There exists however a quantitative difference between the tail states in inorganic semiconductors and pentacene. The decay energy of the inorganic tail states is two to three times larger than that of pentacene and, furthermore, their spatial period of band-edge fluctuation is much shorter than carrier mean free path in contrast to the much longer period in pentacene. The "detrapping and drift" phenomenon in pentacene crystal domain is therefore expected to be much closer to a simple thermally activated process. Nevertheless, as long as the temperature dependence is noted, Arrhenius-like temperature dependence is observed for both inorganic [37] and organic [38] semiconductors. We therefore assume that the mobility in domain interior can be simply expressed by
where μ 0 can be now regarded as the mobility in a single crystal and  f the mean barrier height in the fluctuating band. The temperature dependences of Eqs. (1) and (3) are slightly different due to the pre-exponential factors in Eq. (1). It would however be difficult to separate these parameters, b  and  f , only by the temperature dependence of apparent mobility, if they are close to each other.
When the voltage consumption by the domain interior is not negligible, we have to consider the series connection of the two equivalent registers: total resistance of the part where the carrier mobility is limited by the domain boundary, and that limited by the band-edge fluctuation. The overall mobility of such a polycrystalline film is now expressed by
where α is the ratio between the total length of the domain boundary region and the channel length.
Overview of band-edge and crystallographic structures in pentacene thin films
Now, the biggest question remained is the origin of the band-edge fluctuation within a crystal domain. There are two possible origins: (1) The crystalline domain itself is a single crystal but contains random strains, or (2) The crystalline domain is a mosaic of smaller crystallites and potential fluctuations are generated due to the crystallite boundaries. We therefore determined the structural origin by using glazing-incidence X-ray diffraction (GIXD) analyses with synchrotron radiation source [6] .
In general, the peak widths of XRD patterns are broadened not only by the size of crystallite but also by the random strain in the crystal structure. The Williamson-Hall (W-H) method can separate these two factors from the widths of the XRD peaks [39] . In this method, the relation between these structural parameters and peak width is described as follows:
where β q is the FWHM of a peak, K S the Scherrer constant, <D> the average crystallite size, ε rms root mean square of the random strain, and q xy the scattering vector. In this work, we adopt K S =0.95 which is in the middle of the range used for organic crystals, 0.87-1.05 [40] [41] [42] [43] . Figure 12 (a) shows the W-H plots of major diffraction peaks obtained with pentacene thin films [6] . It is to be noted that no sample has a clear positive slope in its W-H plot. This result indicates that the FWHMs of the X-ray diffraction peaks from the pentacene films are determined by their finite crystallite sizes and the contribution of random strain is negligible. Therefore, hereafter, we only discuss the crystallite size estimated for each peak by the Scherrer equation, which only contains the first term in Eq. (5). In Fig. 12(b) , the crystallite size calculated from each peak is plotted against the crystal domain size of the film. Although crystal domain size is varied more than ten times by changing the growth temperature, surprisingly, the crystallite size is unchanged. The estimated crystallite size is within the range of 25-50 nm and oneto two-orders-of-magnitude smaller than the domain size. By analyzing the characteristic frequency of the band-edge fluctuation, we found that the fluctuation period agreed with the crystallite size. Thus, we concluded that the band-edge fluctuation is caused by the small mosaic structure within the crystal domain. Figure 13 schematically summarizes the energy diagram and film structure of a pentacene polycrystalline film. A pentacene polycrystalline film consists of hierarchical structures, including (i) the micrometer-scale morphological grain, (ii) the polycrystalline domain surrounded by large energy barriers for carrier transport, (iii) the ten-nanometer-scale crystallite, (iv) the unit cell of the crystal, and (v) the molecule. A morphological grain of pentacene on SiO 2 has its nucleus at around the center and four branches grow from the nucleus toward four directions. Each branch finally becomes the crystalline domain (ii). During film growth, the branches coalesce so as to form, in most cases, a smooth pyramid-shaped morphological grain (i) and the boundary of (ii) is invisible in an AFM image. The boundaries of (i) and (ii) are however almost equivalent and crucial limiting factors for carrier transport because their barrier height is more than 100 meV. Moreover, (ii) is still not a single crystal and the boundary of (iii) introduces 10-meV-scale fluctuations of the band edge. The barrier height at the boundary of (ii) is much higher than that of (iii) because crystal orientations are more different between two neighboring domains than between connected crystallites due to the different orientation of triclinic crystals.
As shown in Fig. 8 , overall apparent carrier mobility is often proportional to the grain size. Many researchers therefore attempt to maximize the grain size or to grow single crystals on the substrates. This approach is effective when the largest limiting factor is the boundary of (ii). However, when the crystal contains high-density defects as in the pentacene films, the largest bottleneck is (iii) because the apparent mobility is always proportional to the in-domain mobility as in Eq. (1) . Since the crystallite size is mainly determined by defect formation during the film growth on an atomically rough substrate [6] , a limited way to escape from this bottleneck is the use of single crystal grown in a free space or in a solution. Although chemical composition is known to influence on the overall mobility [8, 9, 15] , we have found that the improvement of mobility is only due to the increase of domain size [7] .
Conclusion
In this paper, we strived to elucidate all of the extrinsic and intrinsic limiting factors of carrier mobility in organic polycrystalline films according to our comprehensive study on pentacene thin films. We can find thousands of papers that discuss parts of this issue. However, as long as we compare imperfect OTFTs fabricated by different techniques and conditions, the argument will never reach a consensus. This is the reason why we have paid continuous efforts to investigate all extrinsic and intrinsic factors using the OTFTs similarly fabricated with the same material, techniques, and conditions. As a result, we believe that the mobility limiting factors in pentacene OTFTs are almost completely classified and quantitatively understood. Physical or chemical origins of some of the limiting factors, e.g. physical origin of the bad-edge fluctuation, chemical origin of the traps at the domain boundary inducing carrier depletion, etc., are still open questions. Nevertheless, the knowledge and methodology in this series of works should be generally applicable to any polycrystalline OTFTs.
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